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Abstract Next to predator detection, primate vigilance also
serves to keep track of relevant conspecifics. The degree of
vigilancetowardsgroupmembersoftenreflectsthedominance
rank of an individual: subordinates payattention to dominants.
Although it has been suggested that subordinates’ vigilance
may result in spatial centrality of dominants, this has not been
addressedineitherempiricalormodelingstudies.Usingagent-
based models, we determined how social vigilance affects
socio-spatial properties of primate groups. A basic model
without social vigilance, where individuals avoid potential
aggressors(avoidancemodel),wascontrastedwithtwomodels
that each additionally included a different type of social vigi-
lance: a) monitoring a specific potential aggressor to remain
informed on its whereabouts (monitoring model)o rb )s c a n -
ning the whole group to detect potential aggressors (scanning
model). Adding monitoring or scanning behavior to the avoid-
ancemodelreinforced spatial centrality of dominants, a pattern
o f t e no b s e r v e di np r i m a t e s ,a n dr e s u l t e di nm o r es p r e a do u t
groups. Moreover, variation in scanning tendency alone was
already sufficient to generate spatial centrality of dominants:
frequently scanning subordinates could move further away
from the group center than dominants, before losing sight of
group members. In the monitoring model, two mechanisms
caused decreased encounter frequencies among subordinates:
a) increased inter-individual distances, and b) frequent mon-
itoring of central dominants. In the scanning model,e n c o u n -
ters among subordinates decreased due to increased inter-
individual distances. This agent-based model study provides
a clear indication that individual variation in social vigilance
may be an important structuring feature of primate social
groups.
Keywords Socialvigilance.Socialattention.Aggression.
Socialbehavior.Individual-basedmodel.Self-organization
Introduction
Group-living animals can afford to spend less time on vigilance
behavior towards potential predators than solitary animals (the
“many eyes effect”:P u l l i a m1973;P o w e l l1974). However,
time spent on vigilance actually increases with group size in
many group-living primates (Elgar 1989;R o b e r t s1996),
revealing that vigilance behavior may not only be directed at
external threats, but also at conspecifics (Treves 2000;H i r s c h
2002). Primates use social vigilance, or “social attention”,t o
track the whereabouts and the behavior of relevant conspe-
cifics, such as offspring, potential mates or potentially aggres-
sive group members (Keverne et al. 1978;A l t m a n n1980;
Caine and Marra 1988;M a e s t r i p i e r i1993;W a t t s1998;
Cowlishaw 1998; Kutsukake 2006). Information gained by
socialvigilancemayaffectsocialandspatialgrouppatterns.In
this paper we use agent-based models to study the effect of
employing social vigilance on spatial group patterns and the
distribution of encounters among group members.
More than 40 years ago, Chance (1956) and Chance and
Jolly (1970) proposed the importance of a “social attention
structure”, a property of the whole group which is evident in
who attends to whom (Immelmann and Beer 1989; Barrows
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primate species show individual variation in the direction
and frequency of social vigilance. Often, social vigilance is
employed more frequently by subordinates than by domi-
nants and is directed up the dominance hierarchy, e.g. in
macaques (Haude et al. 1976; Deaner et al. 2005), baboons
(Alberts 1994), capuchins (Pannozzo et al. 2007)p a t a s
monkeys (McNelis and Boatright-Horowitz 1998), talapoins
(Keverne et al. 1978), squirrel monkeys (Caine and Marra
1988), and preschool children (La Freniere and Charlesworth
1983) (but see also Torres de Assumpção and Deag 1979).
This relation between dominance and social vigilance sug-
gests that prevention of aggressive encounters is an important
functionofwithin-groupvigilance.Thus,socialvigilancemay
beusedbysubordinatestoproactivelyseekinformationonthe
whereabouts of potential aggressors, which then allows for
distance regulation towards these individuals (Chance 1967;
RowellandOlson1983; Caine and Marra 1988;Al be rt s1994;
McNelis and Boatright-Horowitz 1998; Watts 1998;B l o i s -
Heulin 1999; Treves 2000). This urge to detect, avoid and
remain informed about potential aggressors is considered
especially important in aggressive, intolerant species and/or
species that lack the ability of communicating formal submis-
sion signals, such as patas monkeys (Rowell and Olson 1983;
Caine and Marra 1988; Isbell and Pruetz 1998; Thierry et al.
2008; see also Evers et al. 2011 for more references).
In this context of aggressor avoidance, in line with Chance
(1967) we can distinguish between two different forms of
social vigilance: First, an individual may selectively monitor
a particular, potentially dangerous group member by remain-
ing visually oriented towards this animal to keep track of its
further actions. Second, individuals may actively scan the
whole social environment for nearby potential attackers. In
thisway,potentialaggressorsaredetectedintimeandcanthen
be avoided. Both monitoring and scanning behavior have
been observed in several primate species, e.g. in macaques
(Pitcairn 1976; Haude et al. 1976;D e a n e re ta l .2005),
baboons (Alberts 1994), capuchins (Pannozzo et al. 2007),
patas monkeys (Rowell and Olson 1983; McNelis and
Boatright-Horowitz 1998), talapoins (Keverne et al. 1978),
squirrel monkeys (Caine and Marra 1988), preschool children
(La Freniere and Charlesworth 1983), mangabeys (Blois-
Heulin 1999; Blois-Heulin and Girona 1999) and gorillas
(Watts 1998). Note that authors of previous studies on
primate social vigilance have used various definitions and
terms for scanning and monitoring. Throughout this paper,
we will utilize the definitions given above.
Individual variation in social vigilance has been suggested
to result in dominants ending up at the “center of attention”,a s
well asat the spatial center ofthe group (Chance 1967;Chance
and Jolly 1970). Chance (1967) proposed that “spatial features
[of a primate group] are the outcome of subordinates behavior
and of the attention to the dominant animal.” Unfortunately,
these authors did not formulate a specific (testable) hypothesis
about how exactly social vigilance may contribute to the
spatial group structure. Nevertheless, there is some evidence
that this relationship may exist (Table 1): in many primate
species, where social vigilance is dominance-related, also a
central-peripheral spatial group structure, with central domi-
nants and more peripheral subordinates, is found. However,
this link is weak, since it concerns only a concurring of
described features. To our knowledge, no direct evidence for
a causal link between social vigilance and socio-spatial group
structure is available. Thus, it is yet unclear how this interrela-
tionship may come about. Social vigilance, a socio-cognitive
feature, crucial for distance regulation within the group, has
Table 1 Overview of several primate species and the specific group properties that have been reported for them
Species Dominance-related social vigilance structure Dominance-related spatial structure
Macaca mulatta Haude et al. (1976); Deaner et al. (2005) Southwick et al. (1965); Kaufmann (1967)
Macaca fuscata Itani (1954); Imanishi (1960); Yamada (1966); Sugiyama
and Ohsawa (1982); Wada and Matsuzawa 1986
Macaca nemestrina Jensen and Tokuda (1974)
Macaca arctoides Lopez-Lujan et al. (1989); Rasmussen and Farrington (1994)
Papio cynocephalus Alberts (1994) Washburn and DeVore (1961); Hall and DeVore (1965)
Papio ursinus Busse (1984)
Cebus apella Pannozzo et al. (2007) Janson (1990)
Cebus nigrivittatus Robinson (1981)
Cebus capucinus Hall and Fedigan (1997)
Erythrocebus patas McNelis and Boatright-Horowitz (1998)
Miopithecus talapoin Keverne et al. (1978)
Saimiri scireus Caine and Marra (1988)
Homo sapiens La Freniere and Charlesworth (1983)
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suggestions by Chance (1967) and on what has since then
become known aboutprimate socialvigilance,we hypothesize
that a central-peripheral group structure is reinforced by and
arises from dominance related variation in social vigilance.
More specifically, we hypothesize that individual variation in
monitoring and scanning behavior causes spatial centrality of
dominants.Tofindouthowexactlythisgrouppatternwillarise
from individual variation in monitoring and scanning behavior
we implementedthese behaviors in a simulation model, allow-
ing us to test our hypothesis.
To investigate the mutual links between individual proper-
ties and group-levelpatterns(Hinde1976),we useagent-based
models. Agent-based models (ABMs, also called individual-
based models or IBMs) are a well-established tool to system-
atically study and understand structuring mechanisms in a
complex system of moving and interacting entities (Hogeweg
andHesper1979;Brys onetal .2007).Usi ngaspa tial lyexpl icit
and individual-oriented model formalism allowed us to inves-
tigate howindividual variationin behavioral,socialand spatial
propertiesmayrelatetoeachother.ABMshavebeenstudiedto
understand how socio-spatial group patterns may emrge from
interactions between individuals in primates and other species
(Hemelrijk 2000;B r ys o ne ta l .2007;Sellersetal.2007;R a nd s
et al. 2008; Sueur et al. 2010;s e ea l s oE v e r se ta l .2011 for
additional references). For instance, several ABM studies have
demonstrated that spatial centrality of dominants may emerge
in the absence of predation and spatial preferences, simply as a
side effect of dominance relations and resulting differential
movement (Hemelrijk 1998; Evers et al. 2011). This offered
a parsimonious alternative to Hamilton’s “selfish herd theory”
(1971).
Inthecurrentstudy,wesetouttoexploreifandhowvariation
in social vigilance may affect socio-spatial patterns in primate
groups. Since monitoring and scanning may primarily serve
more effective aggressor avoidance, we investigated both in this
specific context. We first constructed a model of a group of
primates, where individuals employ grouping behavior, domi-
nance interactions and spatial avoidance of potential aggressors
(cf. the avoidance model in Evers et al. 2011). We contrast this
avoidance model which lacks any social vigilance behavior with
two models that each additionally include one of the two types
of social vigilance, reported in the primate literature: a) moni-
toring a specific potential aggressor to remain informed on its
whereabouts(monitoringmodel)orb)scanningthewholegroup
to detect potential aggressors (scanning model). In these three
models, individual variation in fleeing tendency and avoidance
tendency is present, which is known to affect the socio-spatial
group structure (Hemelrijk 1998;E v e r se ta l .2011). Therefore,
to assess the isolated effect of social vigilance (specifically
scanning), we implemented a fourth model (scanning control
model), where we eliminated the structuring effect of individual
variationinfleeingandavoidance.Thiswaywewereabletotest
whether individual variation in social vigilance (i.c. scanning)
alone is already sufficient to generate a central-peripheral group
pattern.
Methods
Simulations were run using NetLogo 4.0.3 (Wilenski 2007).
The program code of all models is available on the website of
the first author (http://web.science.uu.nl/behaviour/Evers/index.
html). Definitions and values of the model parameters can be
f o u n di nT a b l e2. Below, we describe our models according to
the updated ODD protocol (Grimm et al. 2010).
Purpose
The models described in this paper serve two main purposes.
First, we wanted to assess whether and how individual varia-
tion in primate social vigilance (monitoring or scanning) can
affect or enhance certain properties at the group level, such as
spatial centrality of dominants and relative encounter rates.
Second, we wanted to explore whether and how individual
variation in social vigilance alone may already be sufficient to
resultinspatial centralityofdominants,a pattern thathas been
reported for several primate species. The experimental set-up
is explained in the section Simulation experiments and sum-
marized in Table 3.
Entities, state variables and scales
We model the interactions and movements of 30 individuals.
Theseindividualsarecharacterizedbytheirdominancestrength
(myDOM), which ranges from MAX_D O M/N(for the lowest-
ranking individual) to MAX_DOM (highest-ranking). Domi-
nance strength does not change in time or after interactions
(cf. the model in the appendix of Bryson et al. 2007).
When scanning behavior is included in the model, indi-
viduals are also characterized by their scanning tendency,
which is inversely related to dominance strength and thus
also constant over time.
Furthermore, individuals are characterized by their spatial
coordinates,thesemaychangeduringthe wholesimulationrun.
The modeled environment is a continuous two-dimensional
grid (300 × 300 grid units) with a torus shape to exclude
disturbing border effects. One grid unit resembles 1 “meter”.
We did not explicitly implement ecological features of the
environment; in the model an individual’s environment is
purely social. This also implies that the model individuals do
not engage in foraging behavior. Thus, we model a group that
is not traveling.
One time step in the simulation resembles 1 “second” and
simulations were run for 72,000 time steps (resembling 20
observation “hours”).
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Our model is event-driven. During a simulation run, individ-
uals’ activations are regulated by a timing regime. Agents are
activated in a cyclic, asynchronous way. Each time, the agent
with the lowest schedule time is activated first. After activa-
tion, this agent’s next activation is scheduled. The remaining
time until its next scheduled activation is randomly drawn
from a negative exponential distribution with a mean of 10
time steps. In other words, events are randomly distributed in
Table 3 Experimental set-up
and characteristics of the
compared models
Factor Fleeing
frequency
Avoidance
tendency
Monitoring
tendency
Scanning
tendency
1. Avoidance model Variable Variable Not employed Not employed
2. Monitoring model Variable Variable Variable Not employed
3. Scanning model Variable Variable Not employed Variable
4. Scanning control model Equal Not employed Not employed Variable
Table 2 Parameters, definitions
and values of the avoidance,
monitoring and scanning model
Parameter Description Value
General parameters
D Grid unit 1 m
T Time step 1 s
FIELD_SIZE Field size 300×300 m
N Number of individuals in group 30
PERS_DIST Maximum distance, within
which others can be encountered
4m
NEAR_DIST Maximum preferred distance to the
group
20 m
MAX_DIST Maximum distance monkeys are able
to see
50 m
FAR_DIST Maximum preferred distance to the
furthest group member
NEAR DIST  
ﬃﬃﬃﬃ
N
p
  110m
MIN_OTHERS Minimum preferred number of
conspecifics within NEAR_DIST
3
MAX_DOM Maximum dominance strength 1.0
myDOMi Dominance strength of individual i (i * MAX_DOM) / N
VIEW_ANGLE Default view angle 120°
ChaseD Distance the winner of a fight chases
the loser
1m
FleeD Distance the loser of a fight flees
from winner
2m
WalkD Default distance an individual walks 1 m
Avoidance parameters
AvoidD Distance an individual moves away
from avoidee
2m
AV_DOM_DIFF Avoidance dominance difference;
difference in strength above which
an agent is considered a potential
aggressor and consequently
avoided
0.4
AV_DIST Avoidance distance; spatial distance
within which potential aggressors
are avoided
15 m
Scanning parameters
MAX_ANGLE View angle when scanning 360°
myVIEW_ANGLE View angle employed by individual i,
depending on whether i employs
scanning at this moment
VIEW_ANGLE or MAX_ANGLE
P (scani) Scanning tendency of individual i (MAX_DOM/2N)+MAX_DOM-myDOMi
934 Behav Ecol Sociobiol (2012) 66:931–945time. Scheduled times are on a continuous range. If an action
involvesotherindividualsaswell,eachparticipantgetssched-
uled anew for its next action.
On activation, individuals execute an action-selection pro-
tocol (Fig. 1). This protocol goes through a number of deci-
sions to produce the behavior appropriate to the social
situation. The decision procedure is structured hierarchically:
interactionshavepriorityovergrouping, groupinghas priority
overavoidanceandavoidancehaspriorityovermovingwithin
the group.
The action-selectionprotocolstartswithego perceivingthe
configuration of the social environment. Right upon percep-
tion, ego checks whether another individual is encountered,
which will lead to an agonistic interaction (see submodel
Agonistic interactions below). If no one was encountered,
ego turns and moves towards the group if necessary (see
submodel Grouping below). If grouping is not necessary,
ego may chose to avoid potential aggressors at a distance
(seesubmodelAvoidancebelow). Ifnoneofthe above actions
were selected, ego simply moves randomly through the group
(see design concept Stochasticity below).
When monitoring behavior was included in the model,
avoidance of a specific individual was immediately followed
by monitoring this individual (see submodel Monitoring be-
low). When scanning behavior was included in the model, the
action-selection protocol was preceded by, and thus started
with the decision of ego, whethertoemploy scanning behavior
or not (see submodel Scanning below).
Design concepts
Emergence
In the models, individuals have a preference to stay near the
group. However, individuals do not have any preference for a
specific spatial location within the group (e.g. the group
center). Any structure or pattern in the spatial configuration
of the group is thus not imposed by the model rules, but arises
purely from the interactions between the individuals and the
resulting movements.
Which individuals will encounter each other regularly (i.e.
the encounter structure) will arise as a result of the emergent
spatial structure in combination with the behavioral rules of
the specific model.
Sensing
Individuals in the models are capable of perceiving the spatial
distanceandthedominancestrengthofothersthataredwelling
within a view angle of 120º and a maximum perceivable
distance of 50 m (VIEW_ANGLE and MAX_DIST in
Fig. 2). Note that when scanning behavior is included in the
model, whenever an individual is scanning, its view angle is
360º (see submodel Scanning below).
Interaction
Social interactions between individuals in the model may take
place in several ways. Group members that were perceived
within PERS_DIST may be chosen by ego as agonistic inter-
action partner (see submodel Agonistic interactions for more
details). An agonistic interaction may then result in distance
regulation by the lower-ranking individual, i.e. subordinate
movingawayfromthe dominant. Ifthe dominance interaction
escalates into a fight, the winner of the fight may chase the
loser.
Furthermore, potential aggressors that were perceived
within AV_DIST may be avoided. Group members that were
perceived within MAX_DIST may be approached by ego
when grouping.
Fig. 1 Interaction rules. Model individuals execute a hierarchical
behavioral script. The script is starting at the top and ending in one
of four or five (depending on the model) possible end states
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In our model, when two individuals engage in a fight, the
winnerisstochasticallydetermined:individualAwinsfromB,
depending on its win chance, wAB (cf. Evers et al. 2011). A
higherdifferenceindominancestrengthresultsinahigherwin
chance for the dominant individual.
When executing a random walk, individuals simply move
forward (for WalkD01 m) and with a chance of 0.5, they then
turn randomly up to 180º to the right or left.
In the scanning model, individuals may employ scanning.
Prior to each activation, ego decides whether to employ
scanning during the next action-selection cycle, depending
on its scanning tendency.
Observation
To assess socio-spatial group properties within each model,
we used several measures. We recorded each individual’s
distance to the centroid of the group (cf. Evers et al. 2011).
To calculate spatial group spread, we recorded the furthest
neighbor distance within the group (the distance between the
two individuals in the group that are furthest away from each
other).
We assessed how dyadic distances and the number of
encounters were distributed among all possible dyads. The
spatial dyadic distances were simply recorded over time. To
measure the total number and direction of encounters per
simulation run (the encounter structure), we recorded the iden-
tity of the group members that ego had selected as interaction
partner.
We recorded how perception was distributed and directed
among group members (the perception structure). For each
individual, we scored which other individuals it perceived
withinMAX_DISTanditsemployedviewangleatthetimeof
measuring. This was recorded several times per run (see
below), using the “one–zero” sampling technique. Thus per
dyad, possible scores were 1 (perceived) or 0 (not perceived)
persample.Notethatdependingonwhetheranindividualwas
scanning or not, its employed view angle was either 360 or
120º.
We only recorded data during the last 10 “hours” of each
simulation run, to avoid transient spatial and social group
effects due to the initial random placement. All measures of
the socio-spatial structure of the group (distance to centroid of
the group, spatial group spread, dyadic distances, encounter
structure and perception structure) were recorded every 900
time steps, which was equivalent to 15 “minutes”. All meas-
ures, except the number of encounters per dyad, were aver-
aged over time for each simulation run. For the number of
encounters per dyad all occurrences were recorded per simu-
lation run. Per model, 50 independent simulations were run.
Initialization
At the initialization of each simulation run, the x-coordinates
and the y-coordinates of all individuals are drawn from a
normal distribution around an arbitrarily chosen position on
the spatial grid (standard deviation010 grid units), independent
ofanindividual’sdominancestrength.Theirinitialheadingwas
set to a random number between 1 and 360º. Furthermore, the
initial schedule time for each individual is randomly drawn
from a negative exponential distribution with a mean of 10
time steps. Lastly, individuals get assigned their dominance
strength (myDOM), which ranges from MAX_DOM / N (for
thelowest-rankingindividual)toMAX_DOM(highest-ranking)
and which stays constant over the course of the simulation.
Submodels
This section describes each process that is executed by the
model entities in more detail. Moreover, how each process is
modeled and parameterized is explained.
Movement
Movement of the model individuals may either be motivated
byexplicitsocialfactors,suchasgrouping, fleeing,chasing or
avoidance,wheremovementisdirectedawayfromortowards
one specific individual, or is else implemented as a random
walk of WalkD01 m (see also design concept: Stochasticity).
Parameter values concerning the random walk were kept
the same as in our earlier model (avoidance model cf. Evers
et al. 2011), where WalkD was adapted from the DomWorld
model by Hemelrijk (1998, 2000), while values for the other
parameters were chosen arbitrarily.
Fig. 2 Perception. Model individuals perceive other group members
within a default view angle of 120º. When scanning, individuals
perceive others within an angle of 360º. The maximum distance within
which another can be seen is MAX_DIST. Distances in the Figure are
not to scale
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To stay relatively close to group members, ego checks wheth-
er at least three group members (MIN_OTHERS) are situated
within a distance of 20 m (NEAR_DIST) within its employed
viewangle.Ifnotenoughgroupmemberswereperceived,ego
tries to find another group member within the maximum
distance they can see (MAX_DIST050 m), or else within a
broader view angle (360º) by looking around (Fig. 2). Of the
perceived individuals, one is selected randomly and
approached by 1 m (WalkD). Additionally, individuals are
not allowed to increase the distance towards the furthest
individual more than a certain distance (FAR_DIST). This
procedure ensures a coherent group, which does not split up
(see Evers et al. 2011).
Parameters concerning the grouping behavior of the model
individuals were kept the same as in our earlier model
(avoidance model cf. Evers et al. 2011), where MAX_DIST,
VIEW_ANGLE and WalkD were adapted from the Dom-
World model by Hemelrijk (1998, 2000), NEAR_DIST was
adapted from an earlier reimplementation of the DomWorld
model (Bryson et al. 2007) and MIN_OTHERS was adapted
from van der Post et al. (2009).
Agonistic interactions
When one or more group members are perceived within a
personaldistanceof4m,egochoosesthenearestindividualas
an interaction partner. In our models interactions are always
dyadic. For each interaction, this partner choice is recorded
and scored as an encounter. Thus, encounters are directed
from one individual (ego, who perceived the other first) to
another (chosen partner).
Egomayeitherchallengeitsinteractionpartnerorfleefrom
it for 2 m. This decision depends on the chance of winning a
fight with the opponent (de Vries 2009; Evers et al. 2011). As
a response to a challenge, the opponent may either reject or
agree to engage in a fight, depending on its own expected win
chance (cf. Everset al. 2011).If one ofthe opponents declines
and flees away, the conflict is settled. Only if both individuals
agreetoafightdoesanactualfighttakeplace.Thewinnerofa
fight is stochastically determined and depends on both indi-
viduals’winchance.Subsequenttoafight,theloserfleesfrom
the winner for 2 m (FleeD), while the winner chases the loser
by running after him for 1 m (ChaseD).
The agonistic interaction procedure described above
results in low-ranking individuals losing and fleeing more
often than high-ranking ones. When controlling for individ-
ual differences in fleeing rate we simply assigned a win
chance of 0.5 to each individual, independent of its actual
dominance strength. In this way, fleeing rates were equal
among individuals, while e.g. scanning frequency did still
differ.
Parameters concerning the dominance interactions of the
model individuals were kept the same as in our earlier model
(avoidance model cf. Evers et al. 2011), where PERS_DIST,
ChaseD and FleeD were adapted from the DomWorld model
by Hemelrijk (1998, 2000).
Avoidance
The model individuals are capable of avoiding potential
aggressors at a distance. Whether ego may avoid another
individual depends on the difference between both individu-
als’ dominance strength and on the spatial distance to that
specificanimal.Whenever othergroup members havea larger
dominance strength than the sum of ego’s dominance strength
and AV_DOM_DIFF and whenever such individuals (poten-
tial aggressors) are closer to ego than AV_DIST, ego may
avoid them. If these conditions are true for several group
members, ego chooses to avoid the nearest of these individu-
als. Therefore, by definition avoidance behavior is more fre-
quently employed by lower-ranking individuals.
The actual avoidance behavior is implemented in the fol-
lowing way. If potential aggressors are detected, the nearest one
is selected and avoided: ego turns away from this individual
(180º) and walks away for 2 m.
Avoidance can either be a stand-alone reactive action on
the perception of a potential aggressor, or it can be accompa-
nied by additional mechanisms to prevent close proximity to
potential aggressors in the first place by employing proactive
(in contrast to reactive) detection of potential aggressors,
namely monitoring and scanning.
Note that extreme conditions for aggressor avoidance
(namely avoidance of many dominants even when they were
still at a large distance, i.e. small AV_DOM_DIFF and large
AV_DIST) have been shown to result in subgroup formation
in our model, even within the maximum allowed group
spread (FAR_DIST) (Evers et al. 2011). In the current paper,
we chose conditions (intermediate AV_DOM_DIFF and
AV_DIST) that resulted in coherent groups that lacked any
subgroup formation.
Monitoring
Individualsmayemploymonitoringbehaviortostayinformed
about the actions of a particular potential aggressor. Monitor-
ingbehaviorisexclusivelydirectedatpotentialaggressors,i.e.
the few highest-ranking individuals, and is only executed in
conjunction with avoidance behavior. Avoiding a potential
aggressor,i.e.movingawayfromit,resultsinalargerdistance
tothe avoided individualand thusina smalleraggressionrisk.
Monitoringisemployedright after detection and avoidance of
a potential aggressor. From a larger distance, ego turns around
towardsthepotentialaggressor,tocheckwhetheritisnowata
large enough distance (AV_DIST) from this specific
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more. As monitoring is in our model connected to avoidance
behavior, it is (just like avoidance behavior itself) inversely
related to dominance strength: low-ranking individuals
frequently employ monitoring behavior.
Scanning
Individuals may frequently scan their whole surrounding
environment (within MAX_DIST) to detect known potential
aggressors. When employing scanning behavior, an individ-
ual is turning its head right and left, thus expanding its view
angle to 360º (instead of the default view angle of 120º).
Individuals with low dominance strength (myDOM) have a
higher chance to employ scanning. Scanning tendency is thus
inversely related to dominance strength and is calculated as
follows (for individual A):
Ps c a n A ðÞ ¼
MAX DOM
2N
þ MAX DOM   myDOMA;
where MAX_DOM is 1.0 and N is the group size. Prior to the
behavioral script, ego decides whether to employ scanning,
during the next action-selection cycle. When scanning, also
individuals outside of the default view angle (120º) may be
detected and avoided. As scanning for potential aggressors
occurs indivisibly with scanning for conspecifics in general,
the additional social information perceived through scanning
isnotexclusivelyusedforavoidancebehavior,butisalsoused
when employing grouping behavior or when encountering
others.
Simulation experiments
To investigate the implications of monitoring and scanning
on the socio-spatial properties of primate groups, we
compared a basic model where individuals avoid potential
aggressors, but do not employ monitoring or scanning
(avoidance model), to two models that additionally in-
clude either monitoring (monitoring model) or scanning
(scanning model). As basic model, we used the avoidance
model with parameter settings that result in a coherent
group that does not split up (Evers et al. 2011). In this
avoidance model, individuals follow a set of rules, in-
spired by real primates: (1) Individuals prefer to have at
least three other group members in sight. (2) Individuals
avoid potentially aggressive group members. (3) Individ-
uals move within the group. (4) Individuals may engage
in agonistic interactions.
In the monitoring model, individuals follow the same
rules as the avoidance model, yet additionally individuals
employ monitoring behavior. Thus, after detection and
avoidance of a specific potential aggressor, the avoider
may monitor this specific aggressor to stay informed about
its further actions.
In the scanningmodel, individuals followthe samerules as
in the avoidance model, yet additionally individuals employ
scanning behavior. Thus, individuals may regularly scan their
entire social environment to detect potential aggressors more
efficiently.
Individual variation in social vigilance may also arise in
contexts other than aggressor avoidance (e.g. due to mater-
nal care or mate guarding). To check whether individual
variation in social vigilance alone may be sufficient to
generate socio-spatial group patterns, we investigated the
properties of an additional model, where individuals merely
differ in their scanning tendency (scanning control model).
In this model, individuals do not differ in their fleeing
frequency and do not employ any avoidance. Thus, in the
scanning control model, the structuring effect of avoidance
and variation in fleeing frequency (as found in Evers et al.
2011) was removed.
Note that the isolated effect of monitoring has not been
assessed, because employing monitoring behavior without
avoidance behavior is not possible in our model: avoiding a
potential aggressor implies orienting (and moving) away
from it. Subsequent monitoring enables the individual to
visually orient back towards the potential aggressor. How-
ever, when no avoidance has been employed (yet), the
individual would still be oriented towards the perceived
potential aggressor.
Statistical analysis
Tomeasurehowindividualdifferencesinmonitoringtendency
and scanning frequency were related to the individuals’spatial
position within the group, a regression line was fit to assess the
relation between an individual’s centrality (distance to the
centroid of the group) and the individual’s dominance strength
(myDOM) per simulation run. The steeper this regression line,
the more pronounced the relation between centrality and dom-
inance strength was. AWilcoxon rank sum test with continuity
correction was used to assess whether monitoring or scanning
affected the relation between centrality and dominance
strength, i.e. the slope of the regression line. The two extended
models (monitoring model and scanning model) were com-
pared to the basic model (avoidance model).
A t test was used to demonstrate a relation between spatial
centrality and dominance strength in the scanning control
model.The slope ofthe regressionlineinthe scanningcontrol
model was compared to zero. Normality assumptions were
checked using Shapiro-Wilk tests.
Statistical analyses were performed in R 2.10.1 (R develop-
ment Core Team, Vienna, Austria).
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Avoidance
A detailed description and examination of the properties of
the avoidance model can be found elsewhere (Evers et al.
2011). For the parameter settings chosen here, variation in
fleeing frequency combined with variation in avoidance
behavior (both due to differences in dominance strength)
resulted in a clear central-peripheral group pattern (Fig. 3a):
subordinates (avoiders) populated the group periphery, as
they frequently avoided and fled from central dominants
(avoidees). Avoidance behavior resulted in fairly spread
out groups (Fig. 4): the average furthest neighbor distance
was 67.4±1.9 m (mean ± standard deviation, N050 simula-
tion runs). Dyadic distances among dominants (avoidees)
were smaller compared to distances among subordinates
(avoiders) and compared to distances between subordinates
(avoiders) and dominants (avoidees) (Fig. 5a). More encoun-
ters took place among individuals of the same subgroup, most
of them among avoiders (Fig. 6a). We also measured who is
perceived by whom how often. In the avoidance model there
was no noticeable variation within this perception structure
and perception was almost equally distributed among all
individuals (Fig. 7a).
Monitoring
The central-peripheral structure in the monitoring model
was slightly more pronounced compared to the avoidance
model: individual differences in the distance to the centroid
of the group were higher in the monitoring model (Fig. 3b).
This was also apparent in the slope of the regression line,
which was significantly steeper in themonitoring model than
in the avoidance model (Wilcoxon rank sum test: W02438,
P<0.001; mean slopes ± standard deviation0−0.71±0.056
and −0.55±0.050, respectively). Furthermore, groups in the
monitoring model were significantly more spread out com-
pared to groups in the avoidance model (Wilcoxon rank sum
test: W021, P<0.001; mean average furthest neighbor dis-
tance ± standard deviation075.0±2.6 m and 67.4±1.9 m,
respectively; Fig. 4). This can be explained as follows. By
employing monitoring, individuals remained informed on
their distance towards central avoidees. This allowed them
to constantly adjust their spatial distance towards these ani-
mals. More frequently employed avoidance behavior then
resulted in more spread out groups.
Higher group spread in the monitoring model was also
reflected in the dyadic spatial distancesamonggroup members
(Fig. 5b). Dyadic distances increased not only between mon-
itoringsubordinatesandcentraldominants,but,asasideeffect,
also among subordinates.
In the monitoring model, encounters among individuals
were less frequent than in the avoidance model, especially
among subordinates (Fig. 6b). However, spatial distances
among subordinates only partly explain the decrease in
encounters. An additional underlying mechanism concerns
the visualorientation ofsubordinates.Subordinates frequently
oriented towards central dominants in the monitoring model
(Fig. 7b). This “selective attention” towards dominants “dis-
tracted” subordinates from other peripheral subordinates and,
thereby, lowered the chance of encountering them.
Fig. 3 Centrality of dominants. This graph shows the relationship
between an individual’s dominance strength (myDOM) and its central-
ity (distance to the centroid of the group in meters) for different
models. a Avoidance model. b Monitoring model. c Scanning model.
d Scanning control model. Small distances to the arithmetic group
center indicate more central positions. When the relation between
dominance strength and centrality is steeper (b and c), centrality of
dominants is more pronounced. Depending on the model, a low
dominance strength further implies low win chance and thus frequently
employed fleeing behavior (avoidance, monitoring and scanning mod-
el), frequently employed avoidance behavior (avoidance, monitoring
and scanning model), frequently employed monitoring behavior (mon-
itoring model) and frequently employed scanning behavior (scanning
and scanning control model). Boxplots show 50 simulation runs,
averaged over time
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The central-peripheral structure in the scanning model was
clearly more pronounced than in the avoidance model,s i n c e
individual distances to the centroid of the group were most
differentiated (Fig. 3c). This was also apparent in the slope of
the regression line, which was significantly steeper in the
scanning model than in the avoidance model (Wilcoxon rank
sum test: W02500, P<0.001; mean slopes ± standard
deviation0−0.95±0.059 and −0.55±0.050, respectively).
Therefore, individual variation in scanning tendency rein-
forced the already existing spatial structure, which emerged
from individual variation in fleeing frequency and avoidance
behavior (Evers et al. 2011).
This raises the question whether individual variation in
scanning tendency alone may already generate a central-
peripheral structure. To test this, we implemented the scanning
control model, in which we excluded the structuring effects of
variation in fleeing frequency and avoidance behavior by
setting all win chances to 0.5 and by excluding avoidance
behavior. Surprisingly, a central-peripheral group structure still
emerged (Fig. 3d) and the slope of the regression line was
significantly different from zero (t test: t0−94.558, P<0.001;
mean slope ± standard deviation0−0.40±0.030). This came
about as follows. Frequently scanning individuals moved fur-
ther away from the group, because they could still perceive
enough group members, even when being oriented away from
the group. In contrast, rarely scanning individuals had to turn
around, and thus moved back to the group immediately, when
approaching the periphery resulted in too few perceived group
members.Differentialperceptionresultedindifferentialgroup-
ingbehaviorandtherebyinacentral-peripheralgroupstructure
withfrequentscannersattheperipheryandinfrequentscanners
at the group center. We do not describe any further character-
istics of the scanning control model, as this model only served
to show the structuring effect of individual variation in scan-
ning tendency.
In the scanning model, groups were significantly more
spread out compared to the avoidance model (Wilcoxon rank
sum test: W00, P<0.001; mean average furthest neighbor
distance ± standard deviation095.0±4.6 m and 67.4±1.9 m,
respectively; Fig. 4). There are two ways to explain this
pattern. First, subordinate individuals were occupying periph-
eral positions in the group. Frequent scanning allowed these
individuals to move even further away from the group, while
still perceiving the required number of other group members.
Second, frequently scanning the group allowed individuals to
avoid potential aggressors (central dominant individuals)
more often. More frequent avoidance caused subordinates to
move further away from central aggressors and resulted in
higher group spread.
That groups were more spread out in the scanning model
was also reflected in the dyadic distances among the group
members (Fig. 5c). Especially distances among frequently
scanning subordinates and between subordinates and domi-
nants were increased relative to the avoidance model.
Fig. 4 Group spread. This graph shows the groups spread (spatial
group diameter in meters) for the different models avoidance model,
monitoring model and scanning model. Boxplots show values of 50
simulation runs, averaged over time
Fig. 5 Spatial structure. This graph shows the distribution of dyadic
distances (in meters) among the individuals of a group for different
models. a Avoidance model. b Monitoring model. c Scanning model.
The x-axis shows the dominance strength of the first individual and the
y-axis the dominance strength of the second individual per dyad. For
further implications of an individual’s dominance strength depending
on the model, see the Fig. 3 legend. Plots show the mean values of 50
simulation runs, averaged over time. Darker shades represent larger
dyadic distances. Values at the diagonal (x) are by default not applica-
ble. Note that the distance matrices are by definition symmetrical
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less frequent than in the avoidance model, especially among
subordinates (Fig. 6c). Frequent scanning of subordinates en-
abled enhanced perception of other group members (Fig. 7c).
As a result, a higher encounter rate for subordinates would be
expected,asthey may also encounter individuals outsideof the
default view angle of 120º. However, the perceptive “advan-
tage” of scanning was counteracted by the large dyadic dis-
tances and ultimately resulted in decreased encounter rates.
Discussion
We presented a number of models, investigating how individ-
ual variation in social vigilance (monitoring or scanning) in the
context of spatial avoidance of aggressors affect group-level
properties (the socio-spatial structure). Our results showed that
individual variation in social vigilance resulted in more spread
out groups, decreased encounter rates between subordinates
and reinforced the existing central-peripheral spatial structure
of the group. Moreover, such a central-peripheral group struc-
ture may also emerge from individual variation in scanning
tendency alone.
Emergence of a central-peripheral group structure
In the basic avoidance model, a central-peripheral group
structure emerged from individual variation in fleeing and
avoidance behavior (Evers et al. 2011). When individual
variation in monitoring or scanning was added to the model,
this spatial structure was reinforced by monitoring and, to a
higher degree, by scanning behavior. The last result sug-
gested that, besides reinforcing an existent group-structure,
individual variation in social vigilance alone may even be
sufficient to result in a central-peripheral group structure.
This was explored in the scanning control model,w h i c h
did not include any dominance-related variation in avoid-
ance or fleeing rates. The individual variation in scanning
Fig. 6 Encounter structure. This figure shows the distribution and
direction of encounters among the individuals of a group for different
models. a Avoidance model. b Monitoring model. c Scanning model.
Encounters are directed from initiators (y-axis) to targets (x-axis), both
are ordered by dominance strength (myDOM). For further implications
of an individual’s dominance strength depending on the model, see the
Fig. 3 legend. Plots show the mean values of 50 simulation runs. Dark
shades represent frequent encounters. Values at the diagonal (x) are by
default not applicable
Fig. 7 Perception structure. This figure shows the distribution and
direction of perception among the individuals of a group for the
different models. a Avoidance model. b Monitoring model. c Scanning
model. Perception is directed from perceivers (y-axis) to subjects
(x-axis), both are ordered by dominance strength (myDOM). For further
implications of an individual’s dominance strength depending on the
model,seetheFig.3legend.Plotsshowthemeanvaluesof50simulation
runs. Dark shades represent frequent perception. Values at the diagonal
(x) are by default not applicable
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central-peripheral group pattern. Frequently scanning indi-
viduals occupied more peripheral spatial positions in the
group, even when the other structuring factors (variation in
fleeing frequency and avoidance behavior) were excluded.
Chance (1967) suggested that variation in frequency and
direction of social vigilance might put dominant individuals
into the spatial center of the group, but to our knowledge this
has never been measured or tested. Our model shows indeed
such a spatial pattern and explains how this pattern may arise
purely as a side effect of individual differences in social
vigilance. In contrast to the less frequently scanning domi-
nants, frequently scanning subordinates often perceived
group members outside of the default view angle. Therefore,
frequent scanning allowed subordinates to employ grouping
behavior less often compared to dominants. As a consequence,
scanners occupied more peripheral positions. Of course, our
results are relying on a number of specific assumptions we
made in the model (e.g. the grouping rules), and the validity of
these assumptions remains to be investigated empirically. We
believe that one of the main advantages of agent-based mod-
eling is that it may help to discover plausible behavioral rules
to be verified empirically. Thus, ABM allows for a strong
interplay between constructing an explanatory model and
obtaining empirical data (de Vries and Biesmeijer 1998).
In animals, vigilance is not only directed at conspecifics,
but, more commonly, also at predators. Hamilton (1971)t r i e d
to link within-group variation in predator vigilance to spatial
positions within the group. He hypothesized that the higher
predation risk at the periphery of the group should result in
more frequently employed vigilance at these spatial positions
(“edge effect”). Since then, a correlation between higher
degree of vigilance and peripheral positions within a group is
usually attributed to higher predation risk at the group periph-
ery, in primates (Robinson 1981; van Schaik and Noordwijk
1989), birds (Inglis and Lazarus 1981; Keys and Dugatkin
1990; Black et al. 1992) and other species (see Table 5.3 in
Caro 2005). However, individual variation in vigilance may
also originate from factors other than differential predation
risk, for instance due to social factors, such as variation in risk
ofaggression(Chance and Jolly 1970),infanticide (Steenbeek
et al. 1999) or competition for mates or resources (Caraco
1979;C o w l i s h a w1998).Our scanning controlmodel predicts
that whenever variation in vigilance (in our case scanning
frequency) is present in a group, frequently vigilant individu-
als may end up at the group periphery automatically, even in
the absence of any predator or any other structuring factors
such as aggressor avoidance or dominance interactions. Thus,
when peripheral group members employ vigilance behavior
more frequently, a premature conclusion about a possible
adaptation to differential predation risk is best avoided. The
actual underlying mechanism should be evaluated carefully
per species and environment.
In a former study (Evers et al. 2011), we investigated how
individual variation in movement properties may shape socio-
spatial properties within a group. Three factors driving the
emergence of a central-peripheral group structure have been
identified, namely individual variation in fleeing frequency,
avoidance behavior and average velocity (Evers et al. 2011).
In the current paper, we identified another factor that may
contribute to the centrality of dominants typically reported in
primate studies:individualvariation inscanningtendency. We
conclude that individual variation in different types of behav-
ior (fleeing, velocity, avoidance and scanning) can generate a
central-peripheral spatial pattern in primate groups. High flee-
ing frequency, frequent avoidance behavior, high average
velocity and high scanning tendency are all properties that
are often found in subordinate members of primate groups
(Chance 1956; Keverne et al. 1978; McNelis and Boatright-
Horowitz1998;Pa nn oz zoetal .2007;seeEvers etal.2011for
additional references). Disentangling this set of inter-related
factors within a simulation model showed how each property
independently may result in peripheral spatial positions of
certain individuals within a group. We conclude that individ-
ual variation in different types of behavior (fleeing, velocity,
avoidance and scanning) can generate a central-peripheral
spatial pattern in primate groups. A central-peripheral group
structure is, thus, a robust pattern, which may be driven by
severalindependentmechanisms,commonlyfoundinprimate
groups simultaneously.
Spatial structure, encounter structure and social vigilance
While in all three models, the avoidance, monitoring and
scanningmodel, a central-peripheralstructure emerged;group
spread was highest in the monitoring and scanning model.
Interestingly, the causes of high group spread differed for the
monitoring and the scanning model. Monitoring potential
aggressors resulted in more effective avoidance behavior and
therefore in more spread out groups. Scanning, however, not
only allowed for moreeffective avoidance ofpotential aggres-
sors, but also gave rise to less frequent grouping behavior as a
side effect. Both of these effects caused the group in the
scanning model to be the most spread out.
In the monitoring a n di nt h escanning model, the encounter
structure (the frequency and direction of encounters) was af-
fected by both the spatial group structure and the variation in
social vigilance.In the monitoringmodeltherateofencounters
was decreased due to larger dyadic distances and additionally
to the subordinates’ monitoring of central dominants. Subordi-
nates mainly focused their vigilance on perceiving and avoid-
ing dominants, thereby “losing sight” of other potential
interaction partners (subordinates) at the periphery. In the
scanning model, encounter frequencies among subordinates
were also decreased due to large dyadic distances among
peripheral individuals. Although scanning individuals had a
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group members, this was counteracted by the large inter-
individual distances.
These results reveal that social group properties, such as
encounter structure, are affected by, but not deducible from
the average spatial distances alone. To reveal the underlying
processes of socio-spatial group structure, spatial data of
real primate groups are best analyzed in combination with
data on social vigilance within a group.
Further directions
Our model predicts that monitoring and scanning behavior
reducesencounterratesand,therefore,aggression.Itwouldbe
interesting to test our findings and compare encounter struc-
tures between species or groups that differ in the amount of
social vigilance employed. In gorillas, females have been
shown to attend differentially towards kin, mates or recent
immigrants (Watts 1998). Similarly, chimpanzees adjust their
level of social vigilance depending on their relationship qual-
i t yw i t ha s s o c i a t e s( K u t s u k a k e2006). Whether such variation
in social vigilance is related to encounter rates could be
investigated in differently composed groups.
Furthermore, in social groups monitoring behavior may
provide cues to group members. Individuals may be able to
use the direction of monitoring (the gaze direction of other
individuals) to infer information about the location of poten-
tial aggressors and possibly also about the attentive and emo-
tional state of the monitoring animal (Goossens et al. 2008;
Teufel et al. 2010). Thus, while monitoring is used to obtain
social information by the monitoring animal, the behavior
itself may provide social information to others and thereby
reinforce social group structure (Coussi-Korbel and Fragaszy
1995; Pannozzo et al. 2007). This opens up new research
topics to investigate how social vigilance, and other ways of
acquiring information from conspecifics (Bonnie and Earley
2007), may affect group-level properties inprimatesand other
social animals.
In our model, social vigilance was directed at feared indi-
viduals. Of course, real primates may employ social attention
also to detect preferred individuals, such as kin, mates or allies,
and seek their proximity. For example, monitoring may help to
stay informed about the spatial position of affiliates while
moving into a different direction (a so-called “secondary refer-
ent”cf.Emory1976;seealsoVirgoandWaterhouse1969),and
scanning might be used to quickly find and recruit potential
coalition partners.
Conclusion
By investigating the link between individual variation in social
vigilance and socio-spatial group structure in an agent-based
model, we offer a new perspective on the causal relations
between different group-level patterns. Our model yields
another possible explanation for one of the main questions
intheprimateliterature:whatcausescentrality,inthelightofa
specific primate behavior: namely social vigilance. In line
with the suggestion of Chance (1967), this agent-based model
study provides a clear indication that variation in social vigi-
lancemaybeanimportantstructuringfeatureofprimatesocial
groups.
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